Abstract. The RF photoinjector, when coupled with a magnetic pulse compression system, is now a ubiquitous tool for production of sub-picosecond electron beam pulses which are to be used in advanced accelerator and light source experiments. As the time-scale for both pulse lengths and synchronization to external systems approaches the femtosecond level, a clear understanding of the longitudunal dynamics of the electron injector is required. This paper presents an analysis of the longitudinal beam dynamics of electron bunches in the photoinjector/compressor system from birth at the photocathode, through their initial violent acceleration in the RF gun, and subsequent phase space manipulation in the post-acceleration linac and magnetic chicane. The phenomena of phase focusing due to RF forces, and defocusing due to longitudinal space-charge, are discussed, as is the process of magnetic pulse compression. The issues relevant to synchronization of electron pulses with external lasers are examined, using the examples of beat-wave acceleration and Compton light sources, and solutions involving appropriate compressor configurations are proposed. Diagnosis of the relevant physical effects in such schemes is discussed.
INTRODUCTION
The advanced accelerator (AA) and free-electron laser (PEL) communities are now reliant on the RF photoinjector as the electron source which can provide needed short pulse, high current and high brightness beams required by the demanding experimental state-of-the-art. As the obtaining of low emittances requires limiting the beam density in a way that the beam plasma frequency is matched to the applied betatron frequency, there are limits on the peak current (minimum pulse length and/or maximum charge) which can be extracted from these devices [1, 2] . In order to break these constraints, as well as to relax the requirements on the photocathode drive laser pulse length, many laboratories now employing magnetic pulse compression systems [3] . An example of such a system is displayed in Fig. 1 , which shows the Neptune Advanced Accelerator Laboratory photoinjector [4] at UCLA. This system is typical of the present-day RF photoinjector; it has a split accelerator configuration (high gradient gun [5] , with an adjustable phase, postacceleration linac), and a magnetic chicane. Its applications include investigation of beatwave (two-frequency laser-driven) and wake-field (electron beam-driven) acceleration in plasma.
The most demanding of the applications which photoinjector/compressor systems must serve are in fact found in the field of advanced accelerators, where plasma-based acceleration schemes with femtosecond beams are envisioned [6, 7] , as well as in Compton light sources [8] , where sub-picosecond electron beams are collided with ultrashort laser pulses. In both cases, the electron beam is required not only to be ultra-short, but also synchronized at well below the sub-picosecond level to the external systemthe short-wavelength accelerating wave in the plasma accelerator case, and the laser pulse intensity envelope in the Compton light source scenario. In order to understand the pulse length and synchronization issues in such applications, we must first develop a clear understanding of the longitudinal beam dynamics in the injector. The purpose of this paper is to provide an analysis of these dynamics, and to show how they can be manipulated to properly synchronize the electron beam pulse to the external systems in question.
Our analysis of the electron beam longitudinal dynamics proceeds as follows. First, we develop an analytical model based on an approximate Hamiltonian treatment, in order to gain insight into the relevant physical processes in these systems. This analysis is intended to allow study of initial acceleration dynamics, including the backward wave component of a standing wave RF gun, and longitudinal space-charge. The results of the model are then compared to exact solutions of the equations of motion and to simulation of multiparticle systems with PARMELA. The various competing effects -phase focusing due to RF acceleration, and defocusing due to repulsive longitudinal spacecharge forces can then be quantitatively discussed.
The fact that the beams are longitudinally focused during initial RF acceleration implies that they become partially locked to the RF "clock", in that the electrons are attracted (focused) towards a certain optimum RF phase. Thus any photocathode laser injection jitter is partially removed during initial acceleration. This effect is desirable from the viewpoint of pulse length, but also causes problems in synchronization. This is because the photocathode laser itself cannot be considered a good "clock", as it does not produce a beam which arrives at the end of the injector with a constant time delay from injection. The presence of the magnetic compression system allows one to choose which good "clock" one wishes to lock to, however. In the case of optimum compression, and neglecting defocusing beam self-forces, the compressor takes all initial injection timing errors, and maps them to a final state in which the injection error disappears to lowest order, at the expense of enhanced momentum error. Thus the beam timing is, to lowest order approximation, perfectly locked to the RF "clock" at the compressor exit. To use this beam in an application, one must lock all other (external) components of the experimental system to this clock as well. This occurs naturally in the case of a multistage electron-beam plasma wake-field accelerator, and methods for locking a short pulse laser to the RF have also been proposed for Compton scattering experiments as well.
On the other hand, in the case of a plasma beat-wave accelerator, it is difficult to lock the beat envelope (which is sensitive to the relative phase of the two laser lines) to the RF clock. As a way of injecting the electron beam into the beat-wave with the correct time structure, it has been proposed that the photocathode drive laser be sliced into a periodic array of micropulses, by modulating the laser intensity using nonlinear effects based on the beat-wave intensity itself. The RF phase focusing in the gun destroy this initially perfectly locked (to the beat-wave) photoelectron time structure, however. As is discussed below, this problem can be removed by simply using the magnetic compressor to reverse the compression in the gun -to slightly decompress the beam. With this procedure, the timing of the electron beam micropulses at the compressor exit is, to lowest order approximation, exactly locked to the initial laser micropulse train.
Neptune photoinjector layout (no expts. shown) FIGURE 1. UCLA Neptune photoinjector (no experiments shown).
AN ANALYTICAL MODEL OF LONGITUDINAL BEAM DYNAMICS IN AN RF PHOTOINJECTOR
Longitudinal beam dynamics in a RF photoinjector [9] are dominated by the evolution the beam undergoes in the first few millimeters of propagation when the beam is not yet highly relativistic. Once the beam is relativistic its longitudinal profile is essential frozen in and any further significant longitudinal evolution requires outside manipulation of the beam phase space, typically using the enhanced longitudinal dispersion introduced by bend magnets. If we wish to describe the longitudinal evolution of the beam correctly during the early non-relativistic period the effects of the forward traveling RF wave must be considered along with those of the backward wave, space-charge, and the elongation of the resonance cavity in 1.625 cell type photoinjectors.
The travelling wave approximation
The longitudinal evolution of electrons emitted in photoinjectors is dominated by the resonant forward wave. As electrons are accelerated from rest they slip with respect to the forward wave until they achieve relativistic velocity. Since the RF field is typical rising when the beam is launched later electrons see a higher initial field and do not slip as far as the earlier electrons, which tends to compress the beam. This process is typically referred to as velocity bunching, or RF focusing. To begin to understand this process, we start by including only the effects of the forward wave. The longitudinal field of the forward traveling RF wave in a photocathode gun can be written simply as
at where, Inserting this expressing for the vector potential into the general form of the one dimensional Hamiltonian of a charged particle in an electromagnetic field (3) gives a Hamiltonian that is explicitly dependant on time and can not be used as a constant of the motion.
In order to use the Hamiltonian as a constant of the motion we need to make a canonical transformation that eliminates time as an explicit variable. Ultimately we would like to describe the position of the particle by the phase it occupies in the forward wave. The logical choice for the new coordinate is £=vp*-z,
which is equivalent to a Galillean (purely mathemetical, not physical a la Lorentz) tranformation of z into the frame of the forward traveling wave. Taking this new coordinate and equating the new momentum to the old p^ = p z we can write down the transformed Hamiltonian [10] so as to preserve the proper equations of motion,
Now we can simplify the transformed Hamiltonian using the following definitions and approximations (10) where (j) is the phase location of the particle in the forward RF wave. Since this Hamiltonian is a constant of the motion we can use it to derive the mapping function 4inai (^Mtiai) = 0/($) w hich gives each particle's final position in the forward wave from knowledge of its initial position,
= cos" 1 cos 0. ---.
We can also derive a simple compression function for beams short compared to the RF wavelength. This is the quantity we are really interested in since it conveys the degree of longitudinal focusing/defocusing that the particles experience. The simplest way to dfo accomplish this is to differentiate Eq. 12 with respect to ^ and solve for
The desire to create a beam with good transverse emittance implies that (j) f =7tl2, which further implies a certain choice of $. Making this substitution we are left with a compression function dependant only on the initial launch coordinate,
This quantity, which is manifestly less than unity, is mapping factor for compressing the final beam phase extent with respect to its initial extent. It can also be interpreted as the degree of "jitter suppression" that the RF focusing supplies, since errors in injection timing (jitter) will be ameliorated by this factor.
Standing wave acceleration: inclusion of the backward wave
In reality, photoinjector RF guns are standing wave devices and the backward wave has significant influence on the longitudinal evolution of beam before the particles become relativistic [9] . The full RF field in the photoinjector is given by
If we transform this equation into the phase variable (j) [9] ,
we see that it is not possible to write the backward wave term solely in terms of the phase variable. In order to include the backward wave term in our Hamiltonian and have it remain a constant of the motion we must make an approximation. Since the electric field that the particles experience at launch dictates the degree of the primary velocity focusing effect, it follows that a good approximation of the backward wave contribution must be correct at launch. In consideration of this fact we choose to make the approximation
where fa = % so the backward wave term is set at launch and kept constant thereafter. At first this seems drastic, but Eq. 18 is exactly correct at lauch and we will show that it is reasonable later in this paper. Note that Eqs. 16-18 illustrate how the backwave boosts the field at launch, which reduces velocity focusing by ensuring that all the particles will accelerate faster and experience less phase slippage. Taking the backwave term as a constant and proceeding as in the previous section we arive at the new Hamiltonian
Rewriting Eq. 11 with the new Hamiltonian (Eq. 19) reveals a slight sublety in the calculation of the compression function
Here we see the very important distinction. Intitially the backward wave contribution must be treated as variable since $ =<fo is varying. In the equation for the final Hamiltonian, however, the backward wave term is a constant whose derivative is zero. Now if we equate the equations (20) and differentiate as in (14) taking care to follow the rule detailed above we find d<f> f . . .
A one-dimensional model of longitudinal space-charge effects
In order to stay consistent with the plan of keeping the fields that the electrons experience as accurate as possible at the point of launch, the interaction of the charges with their image in the cathode must be included in the description. This effect is often comparable to the backward wave in size for parameter regimes of interest.
To good approximation the space-charge (SC) field experienced by the electron can be modeled as that of a one-dimensional system varying only in z. Including image charge effects, the electric field at a given point in the bunch is dependent only on the surface charge density of the beam population emitted before the point in question[l 1],
where N b is the total beam population, d is the laser spot diameter, At p is the total laser pulse length, and (faead is the launch phase of the head of the beam. Note that this model correctly indicates that space-charge is zero for the first electron and then grows linearly reaching a maximum at the tail of the beam. In addition, this treatment has the benefit of depending only on the initial phase $. Much like the backward wave approximation we used in the previous section, this model overestimates the field since it does not fall off once the beam is far from the cathode. This exaggeration is actually useful. Since the backward wave and space-charge terms have opposite effects (focusing and defocusing, respectively), the errors made by approximating both terms tend to cancel out.
If we add in the space-charge term to the rest of the Hamiltonian, again keeping the new term as a constant dependent only on initial phase fa^s 
Effects of elongated initial cell
Up until now we have neglected the fact that the 1.625 cell geometry of many modern photomjector guns [5] we are interested in significantly distorts the RF fields from their vacuum wavelength. We simulate this effect by assuming an offset in the initial conditions where in our case $ = Ti/8, which gives a correct additional length in the initial cavity, but does not quite give the correct spatial dependence of the RF wave. This leads to the following transformation of the RF fields
We can easily add this correction into the Hamiltonian
There is a convenient simplification that can be made in writing down the initial and final Hamiltonians using Eq. (29). Since we have already state that the electron must arrive at a final phase of n/2 we are free to absorb the constant phase shift $ into $-,
Solving for the compression mapping function as before, we obtain
NUMERICAL SOLUTIONS OF THE EQUATIONS OF MOTION: COMPARISON WITH THE ANALYTICAL MODEL
In order to judge the accuracy of our Hamiltonian theory we have solved the equations of motion numerically and compared the conclusions to those given in the previous sections. The results of this comparison for high charge are summarized in Table 1 . The charge of InC is typical of plasma-based advanced accelerator experiments we are considering. In all calculations in this section we assume parameters typical of the Neptune photoinjector [4] : ORF = 1.6, a laser spot diameter on the cathode of 4.3 mm, = 2.856 GHz, Atp U i S e = 6 psec, and $=n/2. As a check on our derivations, we compare the results of the derivative treatment to direct evaluation of the finite ratio (Afy / (At pu i se 6^F)) using the Hamiltonian examined at initial and asymptotic final conditions. In all cases we see that there is very good agreement between the derivative method and the difference method for calculating the compression function from the Hamiltonian, which is a good check on our derivations. Since the Hamiltonian treatment is essential exact in the traveling wave only case, the precise agreement with numeric integration is expected. These results show the strength of velocity focusing which accounts for a 28% reduction in beam length for this case.
When the backward wave is added (the third and fourth rows of Table 1 ) we see a notable reduction in velocity focusing, as expected, due to the increased accelerating field at launch. At this point the approximation of the backward wave made in the Hamiltonian causes its result to diverge from that of exact numerical integration, but only by 7%. Interestingly, even thought the average field of the backward wave is overestimated in the Hamiltonian it still does not reduce velocity focusing as much as in the numerical solution. In the exact force equation the backward wave field sin(0 + 2k z z) rises immediately after launch giving the electrons an extra acceleration. This small extra acceleration from the backward wave is lost in the Hamiltonian description.
Space-charge was added to both the Hamiltonian and numerical force equation using the same approximate term for comparison purposes (see the fifth and sixth rows of Table  1 ). The strong space-charge term overcomes the velocity focusing and causes the beam to expand longitudinally. This term causes the numerical result to show greater expansion than the Hamiltonian results because the space-charge force experienced by the electrons is greatly overestimated while the backward wave term is treated exactly. In the Hamiltonian treatment the average field of the backward wave is also greatly overestimated. Since the space-charge and backward wave fields act in opposite directions and are of similar magnitude the errors made by exaggerating each term tend to cancel each other.
Finally, the initial starting position of the electrons is moved back by ;z/8 to simulate the elongated geometry of a 1.625 cell gun in both Hamiltonian and numerical treatments (the seventh and eighth rows of Table 1 ). This has the effect of decreasing the RF field at launch and thus increases the strength of velocity focusing, but not enough to overcome space-charge. Once again the numerical result is larger due to the reasons mentioned above. The Hamiltonian derivative result differs from that of the UCLA PARMELA simulation (the final row of Table 1 ), which uses a precise modeling of the space-charge and 1.625 cell geometry considerations, by only 10%. This is exceptional agreement considering the rather severe approximations used in the Hamiltonian description and indicates that our treatment successfully captures the majority of relevant physics.
The analysis of the physical effects relevant to longitudinal dynamics in RF photoinjectors that we have presented above gives us a fairly complete picture of the issues one faces in using these beams for AA and other ultra-fast applications. It is clear that velocity focusing is always present during the capture process, and also that it can be opposed and even overcome by the effects of space-charge. The balance of these two effects requires a more a subtle analysis, however, as the longitudinal space-charge force is not constant as a function of radial position -the problem is no longer onedimensional. In addition, the longitudinal defocusing of the space-charge does not move the centroid of the beam in the same way as the longitudinal focusing of the RF capture process. Thus the timing change of the centroid relative to an external event such as photocathode drive laser injection cannot be compensated by space-charge. Schemes which address the resultant timing synchronization problems are discussed in the next section.
It is also clear from our analyses in this section that beams with finite space-charge forces cannot be made arbitrarily short. The introduction of a magnetic compressor is a powerful tool in this regard -beams an order of magnitude shorter than those which can be emitted directly from an rf gun are made possible. In addition, possibilities are introduced by the compressor system which allow synchronization of lasers and photoinjector-derived electron beams. In both cases of interest involving the chicane, ultra-short beam production and beam-laser synchronization, the performance of the system will be limited by collective (i.e. space-charge) effects.
PHASE SPACE MANIPULATION AND ITS APPLICATION TO BEAM SYNCHRONIZATION
Our study of longitudinal dynamics in photoinjectors shows that the beam produced in these devices is related to the injected drive laser by a compression factor d^d^ which typically differs from unity by up to 20%. This has many implications for synchronizing these beams with down stream experiments. The compression of low charge beams in the photoinjector seen in previous section can be viewed as an attraction of all the particles in the beam to a single RF phase. If this attraction can be enhanced to the point were all the particle collapse to a single phase regardless of their initial phase (d$/d$=0), concerns over laser jitter are eliminated and the RF can be used as a reliable system clock. Alternatively, if we operate in a regime where d^d^\=\ the phase attraction is removed and the laser jitter translates directly into jitter in the beam. We will discuss these two regimes of operation as they relate to timing in electron beam plasma wake field accelerators and laser plasma beat-wave accelerators, respectively.
Either mode of operation discussed above requires additional manipulation of the beam beyond the photoinjector. The choice of parameters for photoinjector operation is largely determined by the need to maintain good transverse dynamics. Therefore we need to use phase space manipulation to choose our mode of operation. The effect of the linac and chicane dipole magnets on the phase space of the beam can be modeled to first order by the transformations
here the constant R 56 = dzf /d^p/p Q . is the linear dependence (matrix element) of the final particle position on its initial momentum error. To good approximation the linac changes only (in the absence of noticeable velocity differences) the momentum of the particles and the chicane alters only (in the absence of significant longitudinal spacecharge and coherent synchrotron radiation) the phase. By passing the beam through the chicane off crest the beam's momentum can be ramped either with either a positive or negative slope. When a ramped beam passes through the chicane magnets it will expand or contract depending on the sign and magnitude of its momentum slope.
Electron wake-field timing
The beam compression and attraction to one phase that we saw during the analysis of longitudinal dynamics in photoinjectors can be greatly increased by the type of manipulation described above. By running the beam ahead of crest in the linac, the tail of the electron beam can be given greater energy than the head, resulting in a negative momentum slope. When the beam passes through the chicane dipole magnets lower energy particles will have a longer path length than higher energy particles. This differential path length compresses the beam. If the linac and chicane parameters are chosen well the process can come close to the ideal of a d^d^i = 0 system, where to lowest order, all particles regardless of their initial injection phase, are mapped to the same final phase. The PARMELA simulation results shown in Fig. 2 below are an example of this type of operation. It can be seen that final phase spread in the are indeed dominated by the quadratic dependence of momentum error on RF phase. 
After Linac
After Chicane Injection FIGURE 2. Example of dfy/dfa = 0 operation using the Neptune photoinjector and chicane, as simulated using PARMELA without space-charge.
The simulation shows how the particles originating in a large range of phases end up compressed into greatly reduced area. We can see from Eqs. 32 and 33 that the compression truly attracts all particles toward the same final point in phase. If the drive laser, and subsequently the beam, jitters relative to the design phase the momentum ramp and compression force grow with the displacement. Thus, beam jitter is suppressed by the same mechanism that compresses the beam and the compressed beam is reliably locked to a single RF phase every shot [3] .
The simulation does not at present include space-charge due to difficulties we are having implementing space-charge and related collective forces such as coherent synchrotron radiation [12] (CSR) properly in the compressor. A preliminary analysis of space-charge effects in compressors on the d^dfy = 0 condition was given in Ref. 4 . Our experimental team has recently demonstrated this type of RF and chicane manipulation experimentally at the UCLA Neptune photoinjector [3] by compressing a 0.5 nC beam from 4 psec to less than 1 psec [13] in rms bunch duration, <j t . This measurement used Michelson interferometry to obtain of a multi-shot autocorrelation!; 14,15] of the coherent transition radiation (CTR) pulse emitted from the beam.
Beam compression which results in RF phase locking has application to any experiment that requires precise timing of high current, short pulse electron beams. One important example is electron wake-field plasma accelerators. Driving and accelerating beams must be synchronized precisely to achieve acceptable performance. Using magnetic compression to operate in a dtffy/dfy = 0 regime eliminates laser jitter concerns and allows the RF to be used as the universal clock. Such a system makes staged wakefield acceleration using multiple beams from one injector feasible [16] . In addition, it has been proposed that an RF feedback scheme be used in an "optical chicane" which uses an electro-optic device to produce time delays that lock the envelope of a short laser pulse to the RF clock [17] . This type of scheme may be used to minimize electron beam-laser timing jitter in sub-picosecond Compton scattering x-ray sources.
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Plasma Cell
Plasma Cell FIGURE 3. Conceptual drawing of multi-stage electron wake-field accelerator where magnetic compress is used to synchronize the electron bunches with RF clock.
Plasma Beat-Wave Injection
Laser beat-wave driven plasma accelerators have difficult timing issues related to laser jitter. While it is quite possible to lock the beam to the RF clock as illustrated in the previous section, the beat-wave envelope, being sensitive to the relative phase of the two laser frequencies, is uncorrelated to usual timing signals, and is thus very difficult to lock to the RF clock. In order to circumvent this problem we examine the option to abandon the RF clock, and lock the drive laser to the beat-wave envelope, which then becomes the experimental clock. If we operate the beam line in d^dfy = 1 mode, where the initial 386 Michelson interferometry to obtain of a multi-shot autocorrelation [14, 15] of the coherent transition radiation (CTR) pulse emitted from the beam.
Beam compression which results in RF phase locking has application to any experiment that requires precise timing of high current, short pulse electron beams. One important example is electron wake-field plasma accelerators. Driving and accelerating beams must be synchronized precisely to achieve acceptable performance. Using magnetic compression to operate in a dφ f /dφ i = 0 regime eliminates laser jitter concerns and allows the RF to be used as the universal clock. Such a system makes staged wakefield acceleration using multiple beams from one injector feasible [16] . In addition, it has been proposed that an RF feedback scheme be used in an "optical chicane" which uses an electro-optic device to produce time delays that lock the envelope of a short laser pulse to the RF clock [17] . This type of scheme may be used to minimize electron beam-laser timing jitter in sub-picosecond Compton scattering x-ray sources. 
Laser beat-wave driven plasma accelerators have difficult timing issues related to laser jitter. While it is quite possible to lock the beam to the RF clock as illustrated in the previous section, the beat-wave envelope, being sensitive to the relative phase of the two laser frequencies, is uncorrelated to usual timing signals, and is thus very difficult to lock to the RF clock. In order to circumvent this problem we examine the option to abandon the RF clock, and lock the drive laser to the beat-wave envelope, which then becomes the experimental clock. phase with respect to the RF is unchanged at output, synchronization to an external clock, such as the beat-wave, can be preserved in the electron beam. This type of synchronization to the beat-wave can be achieved using a scheme like the one illustrated in Fig 4, which has been proposed for use at the Neptune laboratory [18] . The high power CO 2 laser beat-wave modulates the photocathode drive laser directly using nonlinear optical effects, producing a beating envelope in the drive laser which directly reflects the CO 2 beat envelope. Thus that any shift (jitter, as seen from the RF clock point of view) in the beat-wave envelope shifts the modulation of the drive laser by the same amount. The d$d(fa=l beam line transfers this shift precisely to the electron beam bunch train which exits the injector. Once the overall phase between the beat-wave and electron beam is set the electron pulses will be properly loaded into beat-wave on every shot regardless of jitter between the beat-wave and RF clocks. The proposed beat-wave experiment at Neptune [7] calls for the loading of ~50 pC (chosen in order to make space-charge effects small) into the beat-wave structure. Our analysis of photoinjector longitudinal dynamics tells us that a beam of such low charge will leave the photoinjector compress by about 20%. If not corrected, this compression will destroy the matching to the beat-wave. The compression can be corrected by running the beam slightly behind crest in the linac and thereby giving the phase space the opposite momentum tilt as in the compression case. This makes the chicane an expander rather than a compressor allowing us to reverse the compression from the photoinjector, and gives an overall mapping of d^/d^=l, as desired. Space-charge is also neglected in this simulation as the beam charge is low enough that its inclusion would not be significant. While the decompression process itself does contribute to slight spreading of the beamlets, due to the nonlinearity of the RF wave (the same effect which fundamentally limits compression), they are on the whole well preserved. As the beat-wave laser system at the Neptune lab fires once per five minute period, it is imperative that we develop a single-shot diagnostic of the beam's longitudinal profile, to see how well the imprinting of the beat-wave structure on the beam current is accomplished. In the case of the UCLA Neptune beat-wave parameters, the two laser lines are at 10.6 and 10.3 micron wavelength, giving a beat period near to one picosecond, as illustrated in Figs. 5 and 6. The current sub-picosecond diagnostic is the CTR interferometer used in recent [14] and present [13] experiments, which produces an autocorrelation using many shots. It is not necessary to autocorrelate the CTR pulse in order to deduce the profile, however, one may reconstruct the profile with good confidence measuring only the frequency spectrum [19] . This is especially true in the case of microbunched distributions, where the signature of microbunching is the appearance of an isolated peak in the spectrum in the vicinity of the modulation frequency [20, 21] . In the Neptune beat-wave case, the need for single-shot diagnosis of the modulation, or microbunching, has pushed us to consider the multi-channel polychromator device recently developed by Shibata and Uesaka [22] for sub-picosecond measurements at the Univ. of Tokyo.
In order to display the expected performance of this diagnostic, we display in Fig. 7 the frequency spectra of the beat-wave modulated beam both after the gun, and after the chicane run in d($d$=\ mode, as simulated and shown Fig. 5 . It can be seen that the peak in the spectrum is upshifted by velocity compression after the gun, but the decompression in the chicane allows the peak to be placed back at the original modulation frequency. We thus expect this diagnostic to provide a definitive measurement and tuning tool for eventual phase locking of the injected electron beam into the plasma beat-wave accelerator experiment at Neptune. 
